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H∞ Based Control Of A DC/DC Buck Converter Feeding A 1 
Constant Power Load In Uncertain DC Microgrid System. 2 
Abstract: 3 
DC microgrids are gaining more and more popularity and are becoming a more viable 4 
alternative to AC microgrids (MGs) due to their advantages in terms of simpler power 5 
converter stages, flexible control algorithms and the absence of synchronization and reactive 6 
power. However, DC-MGs are prone to instability issues associated with the presence of 7 
nonlinear loads such as constant power loads (CPL) known by their incremental negative 8 
impedance (INI), which may lead to voltage collapse of the main DC Bus. In this paper, H∞-9 
based controller of a source side buck converter is designed to avoid the instability issues 10 
caused by the load-side converter acting as a CPL. Besides, the proposed controller allows a 11 
perfect rejection of all perturbations that may arise from parameter variations, input voltage 12 
and CPL current fluctuations. The design process of H∞-based controller is based on the 13 
Golver Doyle Optimization Algorithm (GDOA), which requires an augmented system 14 
extracted from the small-signal model of the DC/DC converter including the mathematical 15 
model of parameter variations and overall external perturbations.The H∞ based controller 16 
involves the use of weight functions in order to get the desired performances. The proposed 17 
controller is easy to implement and lead to reducing the implementation cost and avoid the 18 
use of current measurement that may have some disadvantages. The derived controller is 19 
validated by simulation performed in Psim software and experimental setup. 20 
Keywords: Constant Power Load, Golver Doyle Optimization Algorithm, Weight Functions, 21 
DC Microgrid, Augmented System, Structured Uncertain Parameter.  22 
Acronyms and nomenclatures 23 
inv  : Input Voltage. 24 
inv  : Input Voltage Small Signal Value. 25 
inV  : Input Voltage Nominal Value. 26 
d : Duty Cycle. 27 
d : Duty Cycle Small Signal Value. 28 
D  : Duty Cycle Nominal Value. 29 
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L : Inductance. 30 
0L  : Inductance Nominal value. 31 
C  : Capacitance. 32 
oC  : Capacitance Nominal Value. 33 
ov  : Output Voltage. 34 
ov  : Output Voltage Small Signal Value. 35 
oV  : Output Voltage Nominal Value. 36 
Li  : Inductor Current. 37 
Li  : Inductor Current Small Signal Value. 38 
LI  : Inductor Current Nominal Value. 39 
oi  : CPL Current. 40 
oi  : CPL Current Small Signal Value. 41 
oI  : CPL Current Nominal Value. 42 
CPLR  : Incremental Negative Impedance. 43 
CPLP  : Constant Power Consumed By CPL. 44 
R  : Resistance Load. 45 
refV  : Voltage Reference. 46 
pk  : Proportional Gain of PI Controller. 47 
ik  : Integral Gain Of PI Controller. 48 
vp
k  : Proportional Gain Of Voltage PI Controller. 49 
vi
k  : Integral Gain Of Voltage PI Controller. 50 
cp
k  : Proportional Gain Of Current PI Controller. 51 
ci
k  : Integral Gain Of Current PI Controller. 52 
s  : Laplace Variable. 53 
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 1Z s ,  2Z s  : Impedance. 54 
 vM s  : Input Voltage-To-Output Voltage Transfer Function. 55 
 oZ s  : Output Impedance.  56 
 pT s  : Duty Cycle-To-Output Voltage Transfer Function. 57 
 
op
T s  : Duty Cycle-To-Output Voltage Nominal Transfer Function.  58 
 s  : Uncertain Transfer Matrix. 59 
 P s  : Augmented System. 60 
 K s  : H∞ Based Controller.  61 
     1 2 3, ,W s W s W s  : Wight Functions. 62 
 .,.LF  : Lower Fractional Transformation.  63 
   ,S s T s  : Sensibility Functions.  64 
.

 : H∞ Norm. 65 
  : Steady-State Error. 66 
mG  : Gain Margin. 67 
c  : Cutoff Frequency. 68 
A  : System Matrix. 69 
 1 2C C C  : Output Matrix. 70 
1
2
B
B
B
 
  
 
 : Input Matrix. 71 
11 12
21 22
D D
D
D D
 
  
 
 : Feedforward Matrix. 72 
CPL: Constant Power Load. 73 
DC: Direct Current.  74 
GDOA: Golver Doyle Optimization Algorithm. 75 
MG: Microgrid. 76 
RES: Renewable Energy Source. 77 
Jo
ur
na
l P
re
-p
ro
of
Journal Pre-proof
4 
 
AC: Alternative Current. 78 
INI: Incremental Negative Impedance. 79 
MPC: Model Predictive Control. 80 
NDO: Nonlinear Disturbance Observer. 81 
PBC: Passivity-Based Control.  82 
H∞: H Infinity Norm. 83 
PWM: Pulse Width Modulator. 84 
PI: Proportional Integral Controller. 85 
PIv: Voltage PI Controller. 86 
PIc: Current PI Controller. 87 
RHP: Right Half Pole-Zero Plane. 88 
LHP: Left Half Pole-Zero Plane. 89 
VNI: Virtual Negative Inductance. 90 
MPC:  Model Predictive Control. 91 
SMC: Sliding Mode Control. 92 
1. Introduction 93 
Over the past decade, industrialized countries have actively promoted the liberalization of the 94 
electricity market, as well as the promotion of the integration of the principles of energy 95 
efficiency and renewable energies in the supply and consumption of electricity [1]. This 96 
transition is considered to be a trend, which implies the reduction of the environmental impact 97 
associated with the centralized production of electricity based on fossil fuels, the reduction of 98 
greenhouse gas emissions and the mutation from centralized to distributed generation by the 99 
integration of renewable energy sources (RESs) which improve the overall efficiency of the 100 
electrical system [2]. In the context of distributed generation, the concept of microgrids 101 
(MGs) arises. A MG is an electrical system consisting of distributed and interconnected 102 
generators, loads and distributed units of electrical energy storage that cooperate with each 103 
other by acting collectively as a single consumer or producer system. System coordination 104 
includes coordination of control and protection devices as well as energy management and 105 
intelligent control functionalities [1-2]. Fig. 1 depicts the DC-MG configuration. 106 Jo
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 107 
Fig. 1. DC-MG configuration. 108 
 109 
MG architecture can be classified into three types: AC-MG, DC-MG and hybrid AC/DC-MG 110 
[3-4]. It can operate in grid-connected mode or islanded mode [5-9]. From the point of view 111 
of energy efficiency, ease of control and reliability, DC-MGs are gaining more and more 112 
interest compared to AC-MG. On the other hand,  as the number of DC-generating RESs is 113 
higher as compared to AC-generating sources, lesser converter units are required. Also, 114 
harmonic issues and synchronization needed in AC-MG do not arise in DC-MG. The storage 115 
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devices play an important role in DC-MG, which is providing the power balance and bus 116 
stability [10].  117 
However, DC-MG is prone to instability issues. These instability issues are often associated 118 
with the presence of Constant Power Loads (CPL) in the microgrids [11-23]. This type of load 119 
refers to the one that is controlled such as a load converter whose output voltage is firmly 120 
regulated to feed a passive load [14], [15]. These loads include a power converter that 121 
regulates their voltages such that the whole regulated system appears as drawing a constant 122 
power [18].  123 
The CPL is a nonlinear load with incremental negative impedance (INI) characteristic [23], 124 
which implies the load current increase/decrease with the decrease/ increase in its terminal 125 
voltage. DC-MG may become unstable when it feeds the CPL, which generates the 126 
oscillations in the system that may cause the stress and failures in the MG equipment [16], 127 
[19]. For this reason, the CPL issue has attracted more intention of researchers to find 128 
appropriate control methods in order to avoid CPL instability issues [12]. In addition, the 129 
perturbations brought by the load current and DC source voltage and the variations of system 130 
parameters may lead to losing system performances [21]. On the other hand, the system 131 
stability is not guaranteed as it can be completely lost when substantial parameter variation 132 
occurs in one of the physical components of the system under control based on the 133 
conventional controllers [22].  134 
To solve the aforementioned issues, traditional methods based on conventional controllers can 135 
be ineffective [23]. Thus, many control methods have been proposed in the literature. The first 136 
proposed method is the passive damping. It consists of adding passive components to the 137 
DC/DC converter in order to increase the damping factor [24-29]. For instance, in [24], the 138 
authors proposed a specific technique based on a simplified system representation consisting 139 
of a voltage source, an LC filter and ideal CPL for choosing the necessary passive 140 
components. In [25], the authors proposed a stabilizer device, which consists of an additional 141 
battery connected to DC Bus through a DC/DC converter operating under a specific control. 142 
However, this approach decreases the system efficiency by causing excessive power losses.     143 
An active damping approach is proposed by many authors. It consists of adding a virtual 144 
impedance to modify the closed-loop control that lets the system poles lying on the LHP [30-145 
35]. For instance, in [30], the authors proposed the virtual impedance consisting of series-146 
connected resistance and inductance. In [31], the authors proposed a virtual resistance 147 
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associated with an additional output voltage feedback loop. In [34], a feedforward technique 148 
aiming to create a virtual R-C filter at the input of the CPL is proposed. In [35], the virtual 149 
negative inductance (VNI) depending on the CPL current estimated by the nonlinear 150 
disturbance observer (NDO) is investigated. This approach is effective to ensure the system 151 
stability in different cases with the presence of CPL. However, the original converter control 152 
loop will be modified and consequently the dynamic response of the overall system will be 153 
affected.  154 
Taking into account the nonlinearity of the DC/DC converter, nonlinear control techniques 155 
have been implemented to stabilize the DC-MG feeding CPLs. Among them, model 156 
predictive control (MPC) has been proposed by many authors [37-42]. For instance, in [37] 157 
the possibility of applying a finite control set model predictive control (FCS-MPC) algorithm 158 
for dynamic stabilization of DC-MG supplying CPL is studied. In [38] and [39], the authors 159 
investigated the fuzzy model predictive control synthesis of networked controlled power 160 
buffer for dynamic stabilization of a DC-MG supplying CPL. The proposed approach is based 161 
on Takagi-Sugeno (TS) fuzzy model and model predictive scheme. This approach is effective 162 
to overcome CPL instability issues. But, MPC is not suitable for plant-wide in real-time, due 163 
to its computational burden [42]. The Sliding Mode Control (SMC) has been also proposed to 164 
enhance the system stability [43-48]. Authors in [46] proposed a novel sliding manifold that 165 
results in stable operation for a wide range of gains, followed by rigorous stability condition 166 
analysis to reach a suitable enhancement of the closed-loop system dynamic response. In [47], 167 
the authors have proposed a digital sliding mode control (DSMC) for a boost converter under 168 
CPL conditions. However, the sliding mode approach requires the capacitor current 169 
measurement, which causes ripple filtering degradation with the apparition of the shattering 170 
problem [49]. 171 
Backstepping and passivity based control are one of the most nonlinear control design tools to 172 
avoid the instability caused by INI characteristic and to solve the tracking problem [21], [36], 173 
[50-52]. For instance, in [36] and [50], the authors proposed the backstepping control with 174 
integrating NDO and 3
rd
-degree Cubature Kalman filter (CKF) respectively. In [21], the 175 
instability due to CPL is avoided by applying the passivity-based control (PBC) through 176 
integrating the NDO observer. In papers [51] and [52], the authors proposed an improvement 177 
of Interconnection and Damping Assignment Passivity-Based Control (IDA-PBC) by 178 
developing an interconnection matrix to elaborate the internal link in port-controlled 179 
Hamiltonian (PCH) models. 180 
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The methods mentioned in the literature target one objective presented in stabilizing the DC-181 
MG supplying CPL. Their implementations might be difficult and costly, may require a large 182 
use of sensors and introduce the use of passive elements that reduce the system efficiency.  183 
This paper proposes H∞ based-controller of a source side buck converter whose 184 
implementation is easy and require only one sensor of voltage measurement. The proposed 185 
controller increases the damping factor of system without using the passive elements aiming 186 
to reach three objectives given below:   187 
1) Avoiding the system instability caused by the load-side converter acting as CPL. 188 
2) Rejecting all perturbations that arise from the parameter variations, input voltage and 189 
current fluctuations.  190 
3) Implementation of the derived control strategy in low cost DSP. 191 
The H∞ based-controller process design is based on Golver Doyle Optimization Algorithm 192 
(GDOA), which requires an augmented system extracted from the small-signal model of 193 
DC/DC converter including the mathematical model of overall external perturbations that may 194 
arise from parameter variations, input voltage and CPL current fluctuations. The use of the 195 
weight functions included in the augmented system is required by the design process in order 196 
to obtain desired performances. The proposed method is validated by simulation performed in 197 
Psim software and experimental setup.  198 
This paper is organized as follows: Section 2 describes the system configuration and problem 199 
statement. Section 3 and section 4 present the modeling of a buck converter with uncertain 200 
parameters and considering the overall exiting perturbations. Section 5 investigates the design 201 
process of the H∞ based-controller and section 6 analyses the stability conditions. The H∞ 202 
based controller effectiveness is validated by both simulation and experimental setup in 203 
sections 7 and 8. The paper is ended with a conclusion.  204 
 205 
2. System configuration and problem statement 206 
As mentioned previously, converters with tightly regulated output act as CPL. In this paper, 207 
we consider a buck converter operating in continuous conduction mode (CCM) feeding a 208 
resistive load via a voltage controlled boost converter as depicted in Fig. 2 (a). The equivalent 209 
circuit of the load side converter is shown in Fig. 2 (b) where it is replaced by a controlled 210 
current source [36]. 211 
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 212 
Fig. 2. Configuration of DC/DC buck converter feeding CPL. 213 
For a CPL, the absorbed power within the controller bandwidth is constant and its relation 214 
is given as follows [23], [60]: 215 
 
CPL o o
P v i   (1) 
By deriving the CPL current with respect to its voltage, the expression of the incremental 216 
negative impedance (INI) of the CPL is obtained as follow: 217 
 2
2
o CPL o o
CPL
o o o CPL
dv P v v
R
di i i P
        
 
(2) 
Jo
ur
al
Pr
e-
pr
oo
f
Journal Pre-proof
10 
 
According to equation (2), the CPL presents has incremental negative impedance (INI) 218 
characteristic, which presents 180° phase lag in the bode diagram. Therefore, when cascading 219 
with a source converter, if the output impedance module of the source converter intersects 220 
with the CPL input impedance module, instability arises [63]. To avoid the negative effect of 221 
INI characteristic and increasing the damping factor of the overall system, a passive load is 222 
usually connected to the common DC bus. In general, the passive load can be a resistive load 223 
or an additional stabilizer device [24], [29]. However, this component inherently causes 224 
power loss. Thus, the system operates at low efficiency. To illustrate the aforementioned 225 
issues, Fig. 3 and Fig. 4 show simulation results of the INI characteristic effect on the output 226 
voltage and the ability of the additional resistive load to avoid the corresponding oscillations. 227 
 228 
Fig. 3. Buck converter feeding a CPL and a damping resistor 229 
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Fig. 4. Ability of passive load to mitigate the oscillation of output voltage caused by CPL (
25
in
v V , 0.5D  , 220C F , 2.7L mH , 9.8
CPL
R    , 20
CPL
P W , 5R   ). 
. 
 230 
In addition, parameter variations might deteriorate the system performances such as the 231 
settling time and overshoot. To understand the corresponding problem, transiet and frequency 232 
analysis of the system with a damping resistor are depicted in Fig. 5. The parameter variations 233 
influence negatively the cut-off frequency and quality factor that brings to the system a 234 
substantial overshoot and slow transit dynamic.  235 
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Fig. 5. Transiet and frequency analysis of the studied system ( 470 30% (470 30%)C    , 
(2.7 60%) (2.7 60%)L    , 0.5D  , 140
o
v V , 280
in
v V , 20
CPL
P W , 5R   ). 
 236 
 237 
Fig. 6 and Fig. 7 show the instability occurred when the output capacitance value tolerates. 238 
The converter is controller using conventional PI controller. 239 
Ω (rad/s) 
Gain (dB) 
Frequency analysis 
Transiet analysis 
Vo(V) 
Time (s) 
Nominal parameters 
Varied parameters 
Nominal parameters 
Varied parameters 
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 240 
 241 
Fig. 6. Buck converter feeding a mixed load under conventional PI control. 242 
 243 
Fig. 7. Step response of the studied system under capacitance variation ( 2.7L mH , 244 
280inv V , 140ov V , 5R   , 9.8CPLR    , 0.0158pk  , 4.965ik  ). 245 
Time (s) 
Vo(V) 
Time (s) 
Vo(V) 
220C F  
220 120%C F   
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In Addition, the PI controller and conventional cascade control are ineffective for maintaining 246 
the stability of the system feeding CPLs [23]. Fig. 8 and Fig. 9 shows a simulation study of a 247 
DC/DC buck converter feeding the CPL operating under conventional cascade control and the 248 
instability caused by the increase of CPL demanded-power. 249 
 250 
Fig. 8. Buck converter feeding a CPL operating under conventional cascade control. 251 
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 252 
Fig. 9. Effect of the increase of CPL demanded power on the system operation under 253 
conventional cascaded control ( 2.5L mH , 220C F , 280inv V , 140ov V , 254 
2.5
vp
k  , 41.501 10
vi
k   , 0.003375
cp
k  , 1
ci
k  ). 255 
The main purpose of the present work is to achieve a stable operation of the DC-MG under 256 
CPL condition without using the passive loads. The proposed control strategy also aims to 257 
reject all perturbations brought by the parameter variations, input voltage and load 258 
fluctuations. In the following sections, system modelling, controller process design and 259 
stability analysis are investigated.  260 
3. System modeling  261 
The basic of control design of a DC/DC converter passes through system modeling, which 262 
allows describing CPL behavior. To this end, the small-signal method is chosen to model the 263 
buck converter feeding the CPL [60], [61]. The small-signal model equivalent circuit of the 264 
studied system is depicted in Fig. 10. 265 
Io(A) 
Time (s) 
Time (s) 
PCPL(W) 
Time (s) 
Vo(V) 
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 266 
Fig. 10. Equivalent circuit of buck converter feeding CPL. 267 
The system is considered as multi-inputs single-output (MISO) involving three input 268 
variables, namely: the duty cycle d  that is the control variable, the CPL current 
o
i and the 269 
input voltage. While the output variable is the output voltage ov . It is worth to point out that 270 
the CPL current 
o
i and the input voltage inv are considered as external perturbations.  271 
According to the equivalent circuit given in Fig. 10, the transfer functions that link the input 272 
variables to the output variable are depicted in Fig. 11 [61]: 273 
+
+
-
 274 
Fig. 11. Block diagram of buck converter open-loop transfer function. 275 
Their corresponding mathematical expressions are given below: 276 
 277 
inv  
oi  
d  
ov  
 vM s  
 oZ s  
 pT s  
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 
 
 
 
   
2
2
1 20
2
1
in
in
o in
p
CPL
v
o
V
v s V Z s LCT s
Pd s Z s Z s
s s
CV LC

  
  
 
 
 
(3) 
 
 
 
 
 
   
2
2
1 20
2
1
o
v
CPLin d
o
D
v s DZ s LCM s
Pv s Z s Z s
s s
CV LC

  
   
 
 
 
(4) 
 
 
   
   
1 2
2
1 2
2
1o
CPL
o
s
Z s Z s CZ s
PZ s Z s
s s
CV LC
 
  
 
 
 
(5) 
where 278 
  1Z s sL    (6) 
 
 2
1
1
CPL
CPL
R
CsZ s
R
Cs


 
 
 
(7) 
                                                      
 279 
According to equation (3), the INI characteristic of the CPL brings to the system two complex 280 
conjugate poles in the RHP of the pole-zero plane. Fig. 12 shows the impact of INI 281 
characteristic on the poles evolution of the mathematical model of buck converter feeding the 282 
CPL.  283 
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Only R or (CPL+R) CPL
Stable region unstable region
Re
Im
284 
 285 
Fig. 12. Impact of CPL load on the poles evolution of buck converter model. 286 
To ensure the robustness for the system against the parameter variations, the process of the 287 
control design requires an uncertain model of system to design a controller that will have the 288 
robustness against all of the aforementioned issues. This type of modeling consists of 289 
introducing the mathematical model of parameter variations and whole external perturbations. 290 
It will be investigated in the next section.  291 
4. Uncertain system modelling: 292 
Parameter variations are considered as structured uncertainties [62], which are defined as 293 
follows: 294 
Definition 1: 295 
Assuming  is an uncertain parameter such as: 296 
 
0 0


    (9) 
where, 
0
 is the nominal value and 

is the random parameter that takes different values. 297 
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Based on this definition 1, the parameters of the transfer function (3) will have the following 298 
expressions: 299 
 
0 0 0
0 0 0
0 0 0
00
0 0 0
0 0 0
1 1 1
in in in
b
CPL CPL CPL
k
o o o
V V V
b b b b b
LC LC L C
P P P
k k k k k
CV CV V C
LC LC L C



     
  
      
 
  
       
 
  
       
  
 
 
 
 
 
(10) 
Substituting each parameter of (3) by the corresponding mathematical expression given in 300 
(10) and supposing  0in ov i  , the output variable ov  is given as follows: 301 
  0 0 00
2 2
0 0 0 0
b k o
o
b d s k vb
v d
s s k s s k

   
 
 
 
      
 
(11) 
After some mathematical manipulations, the output variable 
o
v will be expressed as: 302 
 
 
 
0
0
0 2
0 0
pT s
b
v d
s s k


 
 
 
 
 
(12) 
where   is the variable that acts as an internal perturbation and given by the following 303 
expression:  304 
 
 
 
0
0 0 0
2 2
0 0 0 0 0
1
s
b k
p
db s k
T s s s k s s k v

   

 

  
     
        
 
 
 
        
 
(13) 
In the case of 0in ov i  , the output variable ov  is expressed as: 305 
        
0o p o o v in
v d T s Z s i M s v     
(14) 
and also can be expressed as: 306 
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 
 
 
 
 
0
0 0
0
0 0
v
in p
p p
Z s M s
v d i v T s
T s T s

 
     
 
 
 
(15) 
Denoting that:  is the sum of perturbations and influence on the actual control action. Its 307 
mathematical expression is given as follows: 308 
  
 
 
 
0 0
0
0
v
in
p p
Z s M s
i v
T s T s
     
 
(16) 
To make the system model including the overall perturbations more obvious, Fig. 13 shows 309 
the block diagram of the corresponding model including whole perturbations, which are 310 
gathered in ϖ, which affect negatively the actual control variable h . 311 
- +
+
+
+
 312 
Fig. 13. The uncertain model including the external and internal perturbations. 313 
5. Control design  314 
In this work, GDOA is used to optimize a controller based on the H∞ norm. This algorithm 315 
requires an augmented system that is the relationship between the variables of interest (the 316 
error and control variables) and the overall perturbations [54], [55]. The augmented system 317 
includes the weight functions that are used to construct the controller and to obtain the desired 318 
performances [56]. 319 
inv  
oi  
d  ov  
h  
 
 
0
v
p
M s
T s
 
 
 
0
o
p
Z s
T s
 
 s  
 
0p
T s  
  
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Fig 14 depicts the voltage closed-loop control, where  K s is the derived controller,  1W s  ,320 
 2W s  and  3W s are the weight functions, ref oy V v   is the error, u d  is the control 321 
variable, 
1
e is the error filtered by  1W s and 2e is the control variable filtered by  2W s .  322 
+
++
-
 323 
Fig. 14. Voltage robust closed-loop control. 324 
According to voltage closed-loop control depicted in Fig. 14, the augmented system is 325 
developped as follows:  326 
 
 
1
2
ref
e V
e P s
y u

   
         
      
 
 
(16) 
 
where 327 
 
 
             
 
     
0 0
0 0
1 1 3 1 3
2
3
0 0
1
p p
p p
W s W s T s W s W s T s W s
P s W s
W s T s T s
  
 
    
   
 
 
 
(17) 
and 328 
  u K s y  (18) 
 329 
 S s and  T s are the sensitivity functions, which are expressed as: 330 
 
 
   
0
1
1
p
S s
K s T s


 
 
 
(19) 
and 331 
 1W s   2W s   3W s  
1e  2e  
  
 K s   0pT s  
y  u  
refV  ov  
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 
   
   
0
0
1
p
p
K s T s
T s
K s T s




 
 
 
(20) 
considering that  332 
 
1
2
e
e
e
 
  
 
 
 
(21) 
and 333 
 
ref
g
V


 
  
 
 
 
(22) 
According to [62], the lower fractional transformation     ,L ge F P s K s   , which 334 
references the closed-loop transfer function matrix with considering g  is the inputs vector 335 
and e  is the outputs vector, is given by: 336 
          
           
1 1 3
2 2 3
op
g
W s W s S s T s W s
e
W s S s K s W s T s W s


 
  
 
 
 
(23) 
Based on theorem 3 (see appendix), the designed controller achieves the main objectives if the 337 
following condition is satisfied: 338 
     ,LF P s K s 

  (24) 
That gives: 339 
 
 
 
 
 
2
1
1 1
A
A
S s S s
W s W s
 


    
 
 
(25) 
 
   
   
   
   
4
3
0 0
1 3 1 3
A
A
p p
S s T s S s T s
W s W s W s W s
 


    
 
 
(26) 
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A
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 
   
 
   
8
7
2 3 2 3
A
A
T s T s
W s W s W s W s
 


    
 
 
(28) 
The   value is positive and will be extracted  using GDOA. Based on [57] and [58], the 340 
selected weight functions have the following mathematical expressions: 341 
 
  11
1 1
1
c
c
s K
W s
K s k



 

  
(29) 
 
  22
2
2
1
c
c
s
K
W s
k
s
k



 

 
 
 
(30) 
and 342 
  3W s K  (31) 
The parameters of the selected weight functions are given as follows: 343 
 log(10)
20
1 2
mG
K K e

   
 
(32) 
 
1 2
k k    (33) 
and 344 
 K   (34) 
Where   is the steady-state error, mG and c are the gain margin and cutoff frequency for 345 
desired performances respectively. It is worth mentioning here that there are no unique 346 
mathematical expressions of the selected weight functions. 347 
The state-space representation  P s  is given as follows: 348 
 
 
1 2
1 11 12
2 21 22
|
|
|
A B B
P s C D D
C D D
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1 2
1 11 12
2 21 22
ref
ref
ref
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x Ax B B u
V
e C x D D u
V
y C x D D u



  
    
 
  
    
 
  
    
  
 
 
 
 
 
(36) 
According to (36) and based on theorems 1, 2 and 3 (see appendix), the robust controller is 350 
derived as follows: 351 
 
 
*
2
*
2
|
| 0
A Z Y C
K s
B
  

 
    
  
 
 
(39) 
 
where, 352 
 
   
1
* *
2 2n
K s B sI A Z Y C

   
    
(38) 
Where 
n
I is the identity matrix and n  is the order of the controller. 353 
The developed algorithm of GDOA is performed under Matlab software. It starts with an 354 
initial value   and will stop at the final value when the conditions (24) is satisfied. Besides, it 355 
is necessary to verify the conditions (25-28).  Fig. 15 shows a summary of GDOA represented 356 
by the flowchart. 357 
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1. selecting the weight 
functions (29), (30) and 
(31).
2.forming the augmented 
system (17).
3. Satisfying the 
assumption of 
theorem 1 (See 
the appendinx)
4. imposing an 
initial value of ƴ 
5. satisfying the 
conditions of 
theorem 2  (see the 
appendix).
6. Based on the 
theorem 3, the designed 
controller is given by 
(38).
7. satisfying 
the condition 
(24) that also 
tends towards 
To satisfying 
the conditions 
(25), (26), (27) 
and (28).
the controller given in step 
6 is the desired one. 
Increasing or decreasing ƴ by the way to get a minimum value 
as much as possible 
yes
yes
yes
No
No
end
No
 358 
Fig. 15. GDOA flowchart. 359 
The derived controller described in (38) can ensure the stability of the studied system under 360 
the presence of CPLs and avoiding the effect of the whole perturbations. To validate the 361 
effectiveness of the derived controller, the stability analysis and both simulation and 362 
experimental setup are carried out and presented in the next sections.  363 
 364 
6. Stability analysis 365 
The stability analysis of the studied system under applying the derived controller requires the 366 
verification of the conditions (25-28). Using the bode plot, the sensitivity and weight 367 
functions have been analyzed, as illustrated in Fig. 16. The system parameters are listed in 368 
Table 1. 369 
 370 
 371 
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Table 1. System parameters. 372 
Variables Descriptions values 
refV  
Reference Bus Voltage 140 V 
inV  DC Power Supply Voltage 280 V 
0C  Capacitance Nominal Value 220 μF 
0L  Inductance Nominal Value 2.7 mH 
Lr  Parasite Inductance Resistance 0.8 Ω 
sf  Switching Frequency 25 kHz 
 373 
According to the developed algorithm, the selected weight functions and the resulting robust 374 
controller are given by: 375 
 
 
 
 
3
1
3 7
2 7
5
3
0.75 8 10
0.8
10 6 10
6 10
5 10
s
W s
s
s
W s
s
W s
  
 

  

 
 


 
 
 
 
(39) 
and, 376 
 
 
3 3 2 3 16
4 6 3 11 2 5 5
733.6 5.869 10 7.011 10 4.987 10
4.351 10 1.696 10 3.188 10 2.55 10
s s s
K s
s s s s

     

       
 
 
(40) 
where, 377 
 1.28   (41) 
According to the voltage closed-loop control system (see Fig. 11) and without considering the 378 
weight functions, the control u  and y  error  variables are given by: 379 
 
     
     
 
0
H s
p ref
S s S s T sy V
S s K s T su 

    
     
    
 
 
 
(42) 
Fig. 16 shows that the conditions (25-28) are satisfied. Moreover, the amplitudes of the 380 
elements  H s  are lower than 1. That means the derived controller can mitigate the negative 381 
effect of the perturbations and to keep the control variable u  depending only on the error 382 
variable y  , as it is expressed in (18). 383 
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 384 
Fig. 16. Frequency analysis of the conditions (25-28) 385 
 386 
Fig. 17 depicts the poles evolution in the discrete-time of the studied system before and after 387 
applying the derived controller, where: the poles that are denoted by the red color present the 388 
system dynamic before applying the robust control and the poles that are denoted by the blue 389 
color present the system dynamic after applying the robust control. The derived controller 390 
guarantees stability performance during the system operation. 391 
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 392 
Fig. 17. Pole-zero plot of the studied system before and after applying the robust controller. 393 
For exhibiting the enhancement that will be shown in the output voltage and load current 394 
behaviors brought by the obtained controller, simulation study is carried out and will be 395 
presented in the following section. 396 
7. Simulation results  397 
To validate the effectiveness of the derived controller, the studied system in the presence of 398 
CPL illustrated in Fig. 18 is simulated in PSIM software. The system parameters taken in this 399 
simulation are the same given in Table 1. The CPL is modeled as a current controlled source, 400 
thus enabling to adjust the power consumed by the CPL. The simulation study is subdivided 401 
into three scenarios. The first scenario is a simulation of sudden changes of the demanded 402 
power by the CPL to assess the controller’s robustness against current fluctuation. The second 403 
scenario is the assessment against input voltage fluctuations. The last scenario is carried out to 404 
verify the robustness of the derived controller against parameter variations. The simulation 405 
results are shown in Fig. 19, Fig. 20 and Fig. 21. 406 
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 407 
Fig. 18. buck converter feeding CPL unit operating under robust control. 408 
According to Fig. 19 and Fig. 20, the studied system operation under the derived control has a 409 
transient dynamic that corresponds to a settling time less than 0.04 s and the output voltage 410 
remains at the voltage reference in the steady-state with a small error. The sudden changes in 411 
the power consumed by the CPL cause the small transient voltage deviations. After that, the 412 
output voltage is kept at the voltage reference. The disturbance brought by the CPL current is 413 
well contained and has no instability risks. 414 
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 415 
Fig. 19. Output voltage behavior under the simulation scenario of the different step changes 416 
of the power consumed by the CPL. 417 
 418 
Fig. 20. CPL’s current behavior under the simulation scenario of the different step-changes of 419 
the power consumed by the CPL. 420 
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The effect of a sudden change in the input voltage on the output voltage is shown in Fig. 21. 421 
Although, the transition of the input voltage is significant (±15V), the effect on the output 422 
voltage is almost negligible. The output voltage undergoes a small change for a short time and 423 
returns to the reference voltage.   424 
The parameter variations test is carried out as follows; From 3.33s to 6.66s, the capacitance 425 
and inductance values are decreased by -30% and -60% respectively. From 6.66s to 10s, the 426 
capacitance is increased by 120% and the inductance is kept at the nominal value. Noticing 427 
that, at the instants 3.33 s and 6.66s, a sudden transit voltage deviation is occurred, which is 428 
caused by the sudden changes of the inductance and capacitance. However, for the rest of the 429 
time, the output voltage is kept at the desired voltage with a small steady-state error as it is 430 
shown in Fig. 22. 431 
 432 
Fig. 21. Output voltage behavior under the input voltage variation test scenario. 433 
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 434 
Fig. 22. Output voltage behavior under parameter variation test scenario. 435 
7. Experimental results 436 
The experimental setup shown in Fig. 23 is built in the laboratory to validate the effectiveness 437 
of the derived controller, which consists of a DC source, DC/DC buck converter and a boost 438 
converter acting as a CPL. The load side converter (boost converter), whose output voltage is 439 
firmly regulated, feeds a resistive load. The power demand of the CPL is adjusted by 440 
changing the resistance load. Two experimental tests are carried out: the first is a variation 441 
test of CPL power demand (CPL power is adjusted by the resistance of boost converter) and 442 
the second test is an input voltage variation. The desired output voltage is 15 V and the DC 443 
source voltage is 28 V. The experimental results are depicted in Fig. 24, Fig. 25 and Fig. 26.  444 
It is worth mentioning here that the capacitance and inductance values used in the 445 
experimental setup are different from those listed in Table 1. While the controller is designed 446 
using the parameters listed in Table 1 in order to validate its robustness against the parameter 447 
Time (s) 
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variations.  The adopted parameters for the experiment purpose are listed in Table 2. The 448 
designed controller is implemented in a low cost DSP of Texas Instrument TMS320F28335. 449 
Using the controller order reduction algorithm [62], the designed controller converted to a 450 
discrete-time is given as follows: 451 
 
 
2
3 2
4.47 4.37 4.379
1.177 0.186 0.009
Z Z
K Z
Z Z Z

  

  
 
    
(43) 
 452 
Fig. 23. Experimental setup. 453 
 454 
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 455 
 456 
Fig. 24. Experimental results of CPL consumed power variation test. 457 
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 458 
Fig. 25. Transit dynamic of output voltage response.  459 
 460 
Fig. 26.  Experimental results of input voltage variation test. 461 
According to Fig. 24, Fig. 25 and Fig. 26, the system operation has a short transient dynamic, 462 
which corresponds to a small settling time less than 0.04 s. The output voltage has an allowed 463 
overshoot and remains at the desired value. Moreover, the system stability is maintained 464 
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under several changes of the power consumed by the CPL. The controller is robust against the 465 
parameter variations and avoids the perturbations brought by the CPL current and input 466 
voltage fluctuations. Any transient voltage deviation appears when a substantial change 467 
occurred in the input voltage and power consumed by CPL.  468 
Table 2. Experimental setup parameters. 469 
Variables Buck converter Boost converter 
Voltage Reference 15 
ref
VV   
1
20refV V  
Input Voltage 8 2inV V  15ov V  
Capacitance 470C F  1 470C F  
Inductance 2.87L mH  1 0.5L mH  
Switching Frequency 25kHz  25kHz  
 
R 
/// 
/// 
/// 
9 (45 )W  
13 (31 )W  
25 (15W)  
 
8. Conclusion  470 
In this paper, the instability issues caused by the presence of constant power loads in a DC 471 
microgrid have been adressed.  A H∞-based controller has been designed to ensure stable 472 
operation of the DC-MG when supplying CPLs. In addition the designed controller is able to 473 
reject all possible perturbations such as those attributed to parameters variation and input 474 
voltage fluctuations. The design process of the proposed controller was based on GDOA and 475 
weight functions to obtain a robust control and reaching the desired performances. The 476 
effectiveness of the proposed method has been assessed by simulation and experimentally 477 
validated by using low cost DSP board.   478 
In some cases, GDOA provides a robust controller having a higher order of the denominator, 479 
which is difficult to implement. So, to make the implementation easier, reducing the 480 
denominator order of the controller calls the use of a specific algorithm that may lead to 481 
losing control performances. Future work consists of proposing another design process of H∞ 482 
norm and specific optimization algorithm, which allows fixing the structure of the desired 483 
control to cover the disadvantage mentioned before. This algorithm does not require the use of 484 
reduction algorithms and can provide the structured H∞ based controller that can have a lower 485 
order of denominator and acheives the desired performances and guarantees the system 486 
stability. 487 
 488 
Jo
ur
n
l P
re
-p
ro
of
Journal Pre-proof
37 
 
 489 
Acknowledgments 490 
This work was supported in part by the Direction Generale de la Recherche Scientifique et du 491 
Développement Technologique, DGRSDT, of Algeria. 492 
References. 493 
[1] S. Rezaee, S. Ebrahimi, N. Amiri, Y. Huang, and J. Jatskevich, “Accurate and fast 494 
power-sharing among inverters in AC microgrids with constant power loads,” 2017 IEEE 495 
18th Workshop on Control and Modeling for Power Electronics (COMPEL), Jul. 2017. 496 
[2] Zhang, Zhuang, Liu, Wang, and Guo, “A Novel Autonomous Current-Sharing Control 497 
Strategy for Multiple Paralleled DC-DC Converters in Islanded DC Microgrid,” Energies, vol. 498 
12, no. 20, p. 3951, Oct. 2019. 499 
 [3]  . M. Guerrero, J. C. Vasquez, and R. Teodorescu, “Hierarchical control of droop-500 
controlled DC and AC microgrids — a general approach towards standardization,” 2009 35th 501 
Annual Conference of IEEE Industrial Electronics, Nov. 2009. 502 
[4] Y. Han, X. Ning, P. Yang, and L. Xu, “Review of Power Sharing, Voltage Restoration 503 
and Stabilization Techniques in Hierarchical Controlled DC Microgrids,” IEEE Access, vol. 504 
7, pp. 149202–149223, 2019. 505 
[5] M. Castilla, A. Camacho, P. Marti, M. Velasco, and M. M. Ghahderijani, “Impact of 506 
Clock Drifts on Communication-Free Secondary Control Schemes for Inverter-Based 507 
Islanded Microgrids,” IEEE Transactions on Industrial Electronics, vol. 65, no. 6, pp. 4739–508 
4749, Jun. 2018. 509 
[6] A. Khatibzadeh, M. Besmi, A. Mahabadi, and M. Reza Haghifam, “Multi-Agent-510 
Based Controller for Voltage Enhancement in AC/DC Hybrid Microgrid Using Energy 511 
Storages,” Energies, vol. 10, no. 2, p. 169, Feb. 2017. 512 
[7] J. Baek, W. Choi, and S. Chae, “Distributed Control Strategy for Autonomous 513 
Operation of Hybrid AC/DC Microgrid,” Energies, vol. 10, no. 3, p. 373, Mar. 2017. 514 
[8]  J. Baek, W. Choi, and S. Chae, “Distributed Control Strategy for Autonomous 515 
Operation of Hybrid AC/DC Microgrid,” Energies, vol. 10, no. 3, p. 373, Mar. 2017. 516 
Jo
ur
na
l P
re
-p
ro
of
Journal Pre-proof
38 
 
[9] R. Salas-Puente, S. Marzal, R. González-Medina, E. Figueres, and G. Garcera, 517 
“Experimental Study of a Centralized Control Strategy of a DC Microgrid Working in Grid-518 
Connected Mode,” Energies, vol. 10, no. 10, p. 1627, Oct. 2017. 519 
[10] W. Issa, Al-naemi Faris, G. Konstantopoulos, S. Sharkh, and M. Abusara, “Stability 520 
Analysis and Control of a Microgrid against Circulating Power between Parallel Inverters,” 521 
Energy Procedia, vol. 157, pp. 1061–1070, Jan. 2019. 522 
[11] S. Yousefizadeh, J. D. Bendtsen, N. Vafamand, M. H. Khooban, T. Dragicevic, and F. 523 
Blaabjerg, “EKF-Based Predictive Stabilization of Shipboard DC Microgrids With Uncertain 524 
Time-Varying Load,” IEEE Journal of Emerging and Selected Topics in Power Electronics, 525 
vol. 7, no. 2, pp. 901–909, Jun. 2019. 526 
[12] S. Pang, B. Nahid-Mobarakeh, S. Pierfederici, Y. Huangfu, G. Luo, and F. Gao, 527 
“Research on LC Filter Cascaded with Buck Converter Supplying Constant Power Load 528 
Based on IDA-Passivity-Based Control,” IECON 2018 - 44th Annual Conference of the IEEE 529 
Industrial Electronics Society, Oct. 2018. 530 
[13] N. Zhao, G. Wang, D. Ding, G. Zhang, and D. Xu, “Impedance Based Stabilization 531 
Control Method for Reduced DC-Link Capacitance IPMSM Drives,” IEEE Transactions on 532 
Power Electronics, vol. 34, no. 10, pp. 9879–9890, Oct. 2019. 533 
[14] M. N. Hussain and V. Agarwal, “A Novel Feedforward Stabilizing Technique to 534 
Damp Power Oscillations Caused by DC-DC Converters fed from a DC bus,” IEEE Journal of 535 
Emerging and Selected Topics in Power Electronics, pp. 1–1, 2019. 536 
[15]  K. E. L. Marcillo, D. A. P. Guingla, W. Barra, R. L. P. De Medeiros, E. M. Rocha, D. 537 
A. V. Benavides, and F. G. Nogueira, “Interval Robust Controller to Minimize Oscillations 538 
Effects Caused by Constant Power Load in a DC Multi-Converter Buck-Buck System,” IEEE 539 
Access, vol. 7, pp. 26324–26342, 2019. 540 
[16] J. Wu and Y. Lu, “Adaptive Backstepping Sliding Mode Control for Boost Converter 541 
With Constant Power Load,” IEEE Access, vol. 7, pp. 50797–50807, 2019. 542 
[17] H. Saberi, S. Mehraeen, and M. M. Rezvani, “Intelligent Operation of Small-Scale 543 
Interconnected DC Grids via Measurement Redundancy,” IEEE Transactions on Industrial 544 
Electronics, vol. 66, no. 11, pp. 9086–9096, Nov. 2019. 545 
Jo
ur
na
l P
re
-p
ro
of
Journal Pre-proof
39 
 
[18]  K. Potty, E. Bauer, C. Moya, B. Sim, and J. Wang, “Smart Resistor for Stability 546 
Improvement of the dc Link in Turbo-Electric Aircrafts,” 2019 IEEE Applied Power 547 
Electronics Conference and Exposition (APEC), Mar. 2019. 548 
[19]  C. Zhang, X. Wang, P. Lin, P. X. Liu, Y. Yan, and J. Yang, “Finite-Time 549 
Feedforward Decoupling and Precise Decentralized Control for DC Microgrids Towards 550 
Large-Signal Stability,” IEEE Transactions on Smart Grid, pp. 1–1, 2019. 551 
[20]  A. Marcos-Pastor, E. Vidal-Idiarte, A. Cid-Pastor, and L. Martinez-Salamero, 552 
“Minimum DC-link Capacitance for Single-Phase Applications with Power Factor 553 
Correction,” IEEE Transactions on Industrial Electronics, pp. 1–1, 2019. 554 
[21]  Mustafa. Alrayah.Hassan, Er-Ping.Li, Xue.Li, Tianhang.Li, Chenyang.Duan and 555 
Song.Chi, “Adaptive Passivity-Based Control of DC-DC Buck Converter With Constant 556 
Power Load in DC Microgrid Systems”, IEEE JOURNAL OF EMERGING AND 557 
SELECTED TOPICS IN POWER ELECTRONICS,2018.  558 
[22] S. Sumsurooah, M. Odavic, and S. Bozhko, “μ Approach to Robust Stability Domains 559 
in the Space of Parametric Uncertainties for a Power System With Ideal CPL,” IEEE 560 
Transactions on Power Electronics, vol. 33, no. 1, pp. 833–844, Jan. 2018. 561 
[23]  Mohammed KH.AL-Nussairi, Ramza.Bayindir, Samjeevikumar.Padmanaban, 562 
Lucian.Mihet-Popa and Pierluigi.Siano, “Constant Power Load (CPL) with Microgrids: 563 
Problem Definition, Stability Analysis, and Compensation Techniques”,pp.1-20, energies 564 
2017. 565 
[24]  Mauricio.Céspedes, Troy.beechner, Lei.King and Jian.Sun, ”Stabilization of 566 
Constant-Power Loads By Passive Impedance Damping”.2010 Twenty-Fifth Annual IEEE 567 
Applied Power Electronics Conference and Exposition (APEC),pp.2174-2180, March 2010 568 
[25]  Xinbo.Liu, Yawei.Bian and Shengwen.Fan, ”Active Stabilization Control for Storage 569 
System Paralleled with Constant Power Loads”,20th International Conference on Electrical 570 
Machines and Systems (ICEMS),2017. 571 
[26]  Xinbo.Liu and Shuohan.Ma,” Large Signal Stabilization Method of Constant Lower 572 
Loads by Adding R Parallel Dampings Filters”.  IEEE Energy Conversion Congress and 573 
Exposition (ECCE), pp.1314-1319, step 2015. 574 
Jo
ur
na
l P
re
-p
ro
of
Journal Pre-proof
40 
 
[27]  A.Khaligh, “Realization of Parasitics in Stability of DC-DC Converters Loaded by 575 
Constant Power Loads in Advanced Multiconverter Automotive Systems,” IEEE Transactions 576 
on Industrial Electronics, vol. 55, no. 6, pp. 2295–2305, Jun. 2008. 577 
[28]  A.Khaligh, P.Chapman, A.Davoudi, and J.Jatskevich, “Realization of Parasitics in the 578 
Stability of Dc-Dc Converters Loaded by Constant-Power Loads in Discontinuous 579 
Conduction Mode,” 2007 IEEE Vehicle Power and Propulsion Conference, Sep. 2007. 580 
[29] Yiming Tu, Zeng Liu, Jinjun Liu, Teng Liu, and Zipeng Liu, “An additional stabilizer 581 
for mitigating the instability in DC/DC cascaded system with constant power loads,” 2017 582 
IEEE 3rd International Future Energy Electronics Conference and ECCE Asia (IFEEC 2017 - 583 
ECCE Asia), Jun. 2017. 584 
[30]  Xiaonan.Lu, Kai.Sun, Lipei.Huang, Josep M.Guerrero, Jane.C, and Yan.Xing, 585 
”Virtual Impedance Based Stability Improvement for DC Microgrid with Constant Power 586 
Loads”, IEEE Energy Conversion Congress and Exposition (ECCE). pp.2670-2675, 587 
sept.2014. 588 
[31]  W. Cai, B. Fahimi, E. Cosoroaba, and F. Yi, “Stability analysis and voltage control 589 
method based on virtual resistor and proportional voltage feedback loop for cascaded DC-DC 590 
converters,” 2014 IEEE Energy Conversion Congress and Exposition (ECCE), Sep. 2014. 591 
[32] D.M.Vilathgamuwa, X.N.Zhang, S.D.G.Jayasinghe, B.S.Bhangu, C.J.Gajanayake, 592 
King Jet Tseng,” Virtual Resistance Based Active Damping Solution for Constant Power 593 
Load Instability in AC Microgrid”, IECON 2011 - 37th Annual Conference of the IEEE 594 
Industrial Electronics Society, PP.3646-3651, November 2011. 595 
[33] H. Abdollahi, S. Arrua, T. Roinila, and E. Santi, “A Novel DC Power Distribution 596 
System Stabilization Method Based on Adaptive Resonance-Enhanced Voltage Controller,” 597 
IEEE Transactions on Industrial Electronics, vol. 66, no. 7, pp. 5653–5662, Jul. 2019. 598 
[34] M. N. Hussain and V. Agarwal, “A Novel Feedforward Stabilizing Technique to 599 
Damp Power Oscillations Caused by DC-DC Converters fed from a DC bus,” IEEE Journal of 600 
Emerging and Selected Topics in Power Electronics, pp. 1–1, 2019. 601 
[35] S. Liu, P. Su, and L. Zhang, “A Nonlinear Disturbance Observer-Based Virtual 602 
Negative Inductor Stabilizing Strategy for DC Microgrid with Constant Power Loads,” 603 
Energies, vol. 11, no. 11, p. 3174, Nov. 2018. 604 
Jo
ur
na
l P
re
-p
ro
of
Journal Pre-proof
41 
 
[36]  Q. Xu, C. Zhang, C. Wen, and P. Wang, “A Novel Composite Nonlinear Controller for 605 
Stabilization of Constant Power Load in DC Microgrid,” IEEE Transactions on Smart Grid, 606 
vol. 10, no. 1, pp. 752–761, Jan. 2019.  607 
[37] T. Dragicevic, “Dynamic Stabilization of DC Microgrids with Predictive Control of 608 
Point-of-Load Converters,” IEEE Transactions on Power Electronics, vol. 33, no. 12, pp. 609 
10872–10884, Dec. 2018. 610 
[38] N. Vafamand, M. H. Khooban, T. Dragicevic, and F. Blaabjerg, “Networked Fuzzy 611 
Predictive Control of Power Buffers for Dynamic Stabilization of DC Microgrids,” IEEE 612 
Transactions on Industrial Electronics, vol. 66, no. 2, pp. 1356–1362, Feb. 2019. 613 
[39] S. Yousefizadeh, J. D. Bendtsen, N. Vafamand, M. H. Khooban, T. Dragicevic, and F. 614 
Blaabjerg, “EKF-Based Predictive Stabilization of Shipboard DC Microgrids With Uncertain 615 
Time-Varying Load,” IEEE Journal of Emerging and Selected Topics in Power Electronics, 616 
vol. 7, no. 2, pp. 901–909, Jun. 2019. 617 
[40] N. Vafamand, S. Yousefizadeh, M. H. Khooban, J. D. Bendtsen, and T. Dragicevic, 618 
“Adaptive TS Fuzzy-Based MPC for DC Microgrids With Dynamic CPLs: Nonlinear Power 619 
Observer Approach,” IEEE Systems Journal, vol. 13, no. 3, pp. 3203–3210, Sep. 2019. 620 
[41] S. Yousefizadeh, J. D. Bendtsen, N. Vafamand, M. H. Khooban, T. Dragicevic, and F. 621 
Blaabjerg, “EKF-Based Predictive Stabilization of Shipboard DC Microgrids With Uncertain 622 
Time-Varying Load,” IEEE Journal of Emerging and Selected Topics in Power Electronics, 623 
vol. 7, no. 2, pp. 901–909, Jun. 2019. 624 
[42]   R. Cheng, J. F. Forbes, and W. S. Yip, “Price-driven coordination method for solving 625 
plant-wide MPC problems,” Journal of Process Control, vol. 17, no. 5, pp. 429–438, Jun. 626 
2007. 627 
[43]  Yue Zhao, Wei Qiao, and Daihyun Ha,” A Sliding-Mode Duty-Ration Controller for 628 
DC/DC Buck Converters With Constant Power Loads”, IEEE TRANSACTIONS ON 629 
INDUSTRY APPLICATIONS, VOL. 50, NO. 2, pp.1448-1458 ,MARCH/APRIL 2014. 630 
[44] E. Hossain, R. Perez, S. Padmanaban, L. Mihet-Popa, F. Blaabjerg, and V. 631 
Ramachandaramurthy, “Sliding Mode Controller and Lyapunov Redesign Controller to 632 
Jo
u
na
l P
re
-p
ro
of
Journal Pre-proof
42 
 
Improve Microgrid Stability: A Comparative Analysis with CPL Power Variation,” Energies, 633 
vol. 10, no. 12, p. 1959, Nov. 2017. 634 
[45] E.-C. Chang, “Study and Application of Intelligent Sliding Mode Control for Voltage 635 
Source Inverters,” Energies, vol. 11, no. 10, p. 2544, Sep. 2018. 636 
[46] A. Yasin, M. Ashraf, and A. Bhatti, “Fixed Frequency Sliding Mode Control of Power 637 
Converters for Improved Dynamic Response in DC Micro-Grids,” Energies, vol. 11, no. 10, 638 
p. 2799, Oct. 2018. 639 
[47] A. El Aroudi, B. Martínez-Treviño, E. Vidal-Idiarte, and A. Cid-Pastor, “Fixed 640 
Switching Frequency Digital Sliding-Mode Control of DC-DC Power Supplies Loaded by 641 
Constant Power Loads with Inrush Current Limitation Capability,” Energies, vol. 12, no. 6, p. 642 
1055, Mar. 2019. 643 
[48] J. L. Anderson Azzano, J. J. Moré, and P. F. Puleston, “Stability Criteria for Input 644 
Filter Design in Converters with CPL: Applications in Sliding Mode Controlled Power 645 
Systems,” Energies, vol. 12, no. 21, p. 4048, Oct. 2019. 646 
[49]  A. M. Rahimi and A. Emadi, “Active Damping in DC/DC Power Electronic 647 
Converters: A Novel Method to Overcome the Problems of Constant Power Loads,” IEEE 648 
Transactions on Industrial Electronics,vol. 56, DOI: 10.1109/TIE.2009.2013748, no. 5, pp. 649 
1428–1439, May 2009. 650 
[50]  S. Yousefizadeh, J. D. Bendtsen, N. Vafamand, M. H. Khooban, F. Blaabjerg, and T. 651 
Dragicevic, “Tracking Control for a DC Microgrid Feeding Uncertain Loads in More Electric 652 
Aircraft: Adaptive Backstepping Approach,” IEEE Transactions on Industrial Electronics, 653 
vol. 66, no. 7, pp. 5644–5652, Jul. 2019.  654 
[51] S. Pang, B. Nahid-Mobarakeh, S. Pierfederici, M. Phattanasak, Y. Huangfu, G. Luo, 655 
and F. Gao, “Interconnection and Damping Assignment Passivity-Based Control Applied to 656 
On-Board DC–DC Power Converter System Supplying Constant Power Load,” IEEE 657 
Transactions on Industry Applications, vol. 55, no. 6, pp. 6476–6485, Nov. 2019. 658 
[52] S. Pang, B. Nahid-Mobarakeh, S. Pierfederici, Y. Huangfu, G. Luo, and F. Gao, 659 
“Towards Stabilization of Constant Power Loads Using IDA-PBC for Cascaded LC filter 660 
DC/DC Converters,” IEEE Journal of Emerging and Selected Topics in Power Electronics, 661 
pp. 1–1, 2019. 662 
Jo
ur
na
l
re
-p
ro
of
Journal Pre-proof
43 
 
[53]  X. Lu, K. Sun, L. Huang, J. M. Guerrero, J. C. Vasquez, and Y. Xing, “Virtual 663 
impedance based stability improvement for DC microgrids with constant power loads,” 2014 664 
IEEE Energy Conversion Congress and Exposition (ECCE), Sep. 2014. 665 
[54]  Jang Lee Hong, Ching-Cheng Teng,” A Derivation of the Golver-Doyle Algorithms 666 
for General H
∞
 Control Problems”, Automatica, Vol.32, No.4, pp.581-589,1996. 667 
[55] Amin S.Meghani and Haniph A.Latchman,”H∞ Vs.Classical Methods in the Design of 668 
Feedback Control Systems” ,Proceedings IEEE Southeastcon '92,pp.59-62, April 1992.  669 
[56] M. Makarov, M. Grossard, P. Rodriguez-Ayerbe, and D. Dumur, “Modeling and 670 
Preview H∞ Control Design for Motion Control of Elastic-Joint Robots With Uncertainties,” 671 
IEEE Transactions on Industrial Electronics, vol. 63, no. 10, pp. 6429–6438, Oct. 2016.  672 
[57]  Petter lunderstrom , sigurd Skogestad and Zi-Qin Wang,”Performance Weight 673 
Selection for H-Infinity and µ-Control Methods”, Transaction of the Institute of Measurement 674 
and Control, pp.241-252, December 1-1991.  675 
[58]  V. Kneppova, U.Kiffmeier and H.Unbehauen,” Weight Function Selection in H∞-676 
Optimal Control with Application To A Thyristor Driven DC Motor”, American control 677 
conference, June 1995. 678 
[59] L.Sedghi and A.Fakherian,”Robust Voltage Regulation in Islanded Microgrids: A LMI 679 
Based Mixed H2/H∞ Control Approach”, 24th Mediterranean Conference on Control and 680 
Automation (MED), June 21-24, 2016, Athens, Greece.  681 
[60] V. Grigore, J. Hatonen, J. Kyyra, and T. Suntio, “Dynamics of a buck converter with a 682 
constant power load,” PESC 98 Record. 29th Annual IEEE Power Electronics Specialists 683 
Conference (Cat. No.98CH36196).,pp.1982-1986, July 2017. 684 
[61] Marian K. Kazimierczuk,” Pulse-Width Modulated DC-DC Power Converters”, 685 
second Edition, Wiley, October 2015.  686 
[62] Kemin Zhou, John C. Doyle and Keith Glover,” Robust and optimal control”, 687 
Prentice-Hall, Inc. Upper Saddle River, NJ, USA ©1996, ISBN:0-13-456567-3.  688 
[63] X. Zhang, X. Ruan, and Q. Zhong, “Improving the Stability of Cascaded DC/DC 689 
Converter Systems via Shaping the Input Impedance of the Load Converter With a Parallel or 690 
Series Virtual Impedance,” IEEE Trans. Ind. Electron., vol. 62, no. 12, pp. 7499–7512, Dec. 691 
2015. 692 
Jo
ur
na
l P
e-
pr
oo
f
Journal Pre-proof
44 
 
 693 
Appendix: 694 
Definition2: assuming  G s is a transfer function. The singular value of  G s is given by the 695 
square root of    *G s G s eigenvalues, they expressed as: 696 
       *s G s G s    (44) 
Denoting:  s is the smallest singular value and  s is the biggest singular value over all 697 
frequencies. Some singular value proprieties are given below: 698 
     0 0G s G s     (45) 
      G s G s           (46) 
      A B A B      (47) 
      A B A B      (48) 
      A B A B      (49) 
The H∞ norm is defined as the biggest singular value. 699 
     G s G s

  (50) 
Definition 3: assume A, Q, and R be real (n x n) matrices. Q and R are symmetric. Then an 700 
algebraic Reccati equation is the following matrix equation: 701 
 * 0A X X A X R X Q         (51) 
associated with (38) is a (2n x 2n) matrix: 702 
 
*
A R
H
Q A
 
   
 
 
(52) 
The matrix (53) is called a Hamiltonian matrix, which is used to obtain the solution to (52). 703 
The theorems are delivered in [56], give a way in terms of the invariant subspace of H for 704 
finding the solution to (52). 705 
Definition 4: let G(s) be a complex matrix partitioned as: 706 
 
 
   
   
   1 2 1 211 12
21 22
m m q q
G s G s
G s
G s G s
  
 
  
 
 
 
(53) 
and let  K s  belongs to 2 2q m be another complex matrix. Then, we can officially define a 707 
lower LFT as: 708 
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           
1
11 12 22 21
,
l
F P K G s G s K I G s K G s

         (54) 
   
Theorem 1: the GD!!!OA is based on the solutions of two algebraic Reccati equations (see 709 
(56) and (57)). Taking into account the state space of the augmented system  P s described 710 
in (35), there are important assumptions to satisfy them, which are: 711 
Assumption 1:  2,A B is stabilizable and  2,A C is detectable. 712 
Assumption 2: 11( )Rank D n and 12( ) uRank D n . 713 
Assumption 3:  
2
1 12
n
y
A j I B
R rank n n
C D
   
   
 
. 714 
Assumption 4:  *12 1 21
0
un
D C D
I
 
   
 
 715 
Assumption 6:  
1 *
21
21
0
yn
D
D
ID
  
    
   
.           716 
where: yn , un and n are the lengths of y and u vectors and n  is the order of the augmented 717 
system  P s . 718 
Theorem 2: the robust controller can be designed based on H∞ norm if and only if the 719 
conditions below are satisfied. The matrices J and H are defined as follows: 720 
 2 * *
1 1 2 2
* *
1 1
A B B B B
H
C C A
 

    
  
   
 
 
(55) 
 721 
 * 2 * *
1 1 2 2
*
1 1
A C C C C
J
B B A
 

    
  
   
 
 
(56) 
Condition 1. J and H  must not have the eigenvalues in the imagery axis. 722 
Condition 2. X and Y are the solutions of the algebraic Reccati equations associated with 723 
(41) and (42); these solutions must be positive and different to zero. 724 
Condition 3.   0X Y    . 725 
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Theorem 3: the designed robust controller-based H∞ norm stabilizing the studied system 726 
must satisfy the condition:  727 
     ,lF P s K s 

  (57) 
 728 
the mathematical expression of the robust controller is given by:  729 
       ,l aK s F K s s    (58) 
where 730 
 
 
*
2 2
*
2
2
|
| 0
| 0
u
y
n
n
A Z Y C Z B
K s B X I
C I
   
 
   
 
      
 
 
 
 
(59) 
 2 * * *
1 1 2 2 1
A A B B X B B X Z Y C C 
    
             (60) 
  
1
2
n
Z I Y X

  
     
(61) 
 731 
 732 
 733 
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Highlights 
 Constant  power  load  and  overall  disturbances  lead  to  lose  the  system
performances.
 System modelling considers the uncertain parameters and whole disturbances.
 H∞ controller enables mitigating the constant power load and disturbances effects.
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